Exposure of rats to quartz (or various other particles) can lead to the development of lung tumors. At the moment, the mechanisms involved in particle-induced tumor formation are not clarified. However, it is suggested that inflammation, in conjunction with the production of reactive oxygen species (ROS) and an enhancement of epithelial cell proliferation, may play a key role in the development of lung tumors. ROS induces 8-oxoguanine (8-oxoGua) and other mutagenic DNA oxidation products, which can be converted to mutations in proliferating cells. Mutation formation in cancer-related genes is a critical event with respect to tumor formation. In this study we investigated the effects of quartz (DQ1 2) and of the nontumorigenic dust corundum on the induction of 8-oxoGua in the DNA of rat lung cells, as well as on cell proliferation and pulmonary inflammation. Wistar rats were exposed by intratracheal instillation to quartz (2.5 mg/rat) or corundum (2.5 mg/rat) suspended in physiological saline; control animals exposed to physiological saline or left untreated. Measurements were carried out 7, 21, and 90 days after the exposures. 8-oxoGua levels were determined in lung tissue sections at the single cell level by immunocytological assay using a rabbit anti-8-oxoGua antibody. After exposure to quartz, 8-oxoGua levels were significantly increased at all time points of investigation. Additionally, we observed inflammation and an enhanced cell proliferation. Exposure to corundum had no adverse effects on the lung; neither increased 8-oxoGua levels nor enhanced cell proliferation or inflammation were detected. These observations support the suggestion that inflammation associated with increased 8-oxoGua levels in lung cells and increased cell proliferation is an important determinant for particle-induced development of lung tumors in the rat.
Introduction
The pathogenesis of tumors caused by genes comprise two distinct classes: protochemical or physical carcinogens proceeds oncogenes, which are involved in the in multiple subsequent steps involving control of cell division, and tumordefined genetic alterations (mutations) in suppressor genes, which inhibit neoplastic cancer-related genes of target cells. These cell growth. Alterations in the sequence 3H-dGuo, 2'-deoxy-(1',2'-3H)-guanosine; ICA, immunocytological assay; 8-oxodGuo, 7,8-dihydro-8-oxo-2'-deoxyguanosine; B-oxoGua, 8-oxoguanine; 8-oxoGuo, 7,8-dihydro--oxoguanosine; PBS, phosphate-buffered saline; ROS, reactive oxygen species; TG, thyroglobulin; TNF-a, tumor necrosis factor alpha.
context of these genes lead to activation or overexpression of protooncogene products and inactivation or loss oftumor-suppressor gene products (1) (2) (3) . Genetic alterations are induced by a variety of DNA-reactive agents, such as chemical carcinogens, ultraviolet light, ionizing radiation, and reactive oxygen species (ROS). A common feature of these agents is that they cause structural modifications in genomic DNA. DNA modifications can be converted into heritable mutations in dividing cells.
Recent in vitro and in vivo studies demonstrated that the mutagenic and tumorigenic effects of particles and fibers in the lung are closely linked to the formation of ROS (4) (5) (6) (7) (8) . ROS generate different types of DNA modifications, including single strand breaks in the DNA double helix, 8-oxoguanine (8-oxoGua), the most frequently occurring mutagenic base modification, and various other mutagenic DNA oxidation products (9) (10) (11) (12) . These DNA modifications can induce genetic alterations in cancer-related genes, which implies a major role of ROS in carcinogenesis (13) (14) (15) (16) (17) (18) .
Most cells possess potent defense mechanisms to protect DNA from oxidative damage. These mechanisms comprise antioxidant systems for the deactivation of ROS molecules and efficient repair proteins for the elimination of oxidative DNA damage (19) (20) (21) (22) (23) (24) (25) (26) (27) . These techniques can be applied for the determination of any DNA modification for which an appropriate monoclonal or polyclonal antibody is available. Using antibodies aimed at 8-oxoGua in this study, the immunocytological assay (ICA) was used for the quantification of 8- 
Immunocytological Assay
The ICA was performed essentially as described for the quantification of DNA alkylation products (26) . Frozen lung sections were fixed for 15 min in methanol and rehydrated in 2xSSC (300 mM sodium chloride, 30 mM sodium citrate, pH 7.2). After treatment with RNAse A (200 pg/ml 2xSSC) and RNAse T1 (50 U/ml 2 x SSC) for 1 hr at 37°C, sections were washed in 0.14 M NaCl. Cellular DNA was denatured by incubation in a solution containing 70 mM NaOH, 40% EtOH, and 0.14 M NaCl for 5 min at 4°C, followed by incubation with proteinase K (2 pg/ml) for 10 min at 37°C. To avoid nonspecific antibody binding, we first incubated sections with phosphate-buffered saline (PBS) containing 20% bovine serum albumin (BSA) for 20 min at room temperature. The sections were then incubated with a rabbit anti-8-oxoGua antibody ( Figure 1A Figure 2 . It is evident that the exposure to quartz induced significantly increased 8-oxoGua levels in lung cells at all time points of investigation. The exposure to corundum, however, resulted in 8-oxoGua levels lower than those determined in control animals exposed to physiological saline. At day 21 , all data were elevated in comparison to the control (untreated animals). At present, we have no satisfactory explanation for this effect; however, it cannot be excluded that the animals of this exposure group developed a low-level inflammation.
A more detailed analysis of samples from animals exposed to quartz revealed that no cells were detected that significantly differed from the average 8-oxoGua levels calculated for alveolar cells.
Analyses ofBronchoalveolar Lavage Fluids
Exposure ofWistar rats to quartz resulted in significant changes in BAL fluid parameters. Total cell numbers were elevated 5-fold at day 7, 7-to 8-fold at day 21, and more than 30-fold at day 90 ( Figure 3A) . The percentage of neutrophils was about 44% at day 7 and increased slightly to 56% at day 90 (not shown). The protein concentration in BAL fluids steadily increased from day 7 (2.5 times above control) to day 90 (8.5 times above control) ( Figure 3B) . Also, the amount of the surfactant component phosphatidylcholine was significantly elevated in BAL fluids at days 7, 21 , and 90 (3-, 4.3-, and 5.7-fold, respectively) ( Figure 3C ). Finally, we observed a significantly increased activity of TNF-a in BAL fluids at day 90 after insdllation of quartz ( Figure 3D ).
After exposure of rats to corundum, no statistically significant changes in the corresponding BAL fluid parameters were detected.
Cell Proliferation
As shown in Figure 4 , no significant differences in the percentage of proliferating lung cells were detected between animals exposed to corundum and control animals exposed to physiological saline. Exposure to quartz resulted in a 3-to 4-fold increased cell proliferation at all time points of investigation ( Figure 4 ).
Discussion
Exposure of rats to silica, diesel exhaust, carbon black, or other defined particles results in the development of lung tumors in these animals (35) (36) (37) (38) (39) This finding strongly supports the hypothesis that inflammation coupled with ROS production and enhanced cell proliferation plays a major role in the development of lung tumors (at least in rats exposed to carbon black).
In general, the cellular content of DNA lesions depends on two counteracting processes: a) the amount and ability of an ultimate carcinogen to react with the constituents of genomic DNA that are packed in chromatin in situ (25, 46) , and b) the ability of a cell to recognize and eliminate the lesions from DNA by repair proteins. Formation of large numbers of DNA lesions and/or an inefficient cellular repair activity lead to increased levels (persistence) of DNA lesions. In studies performed mainly with alkylating carcinogens, the cellular phenotype can vary considerably from species to species, cell type to cell type, and individual to individual (47) . As the repair activity of a proliferation-competent target cell has great influence on the persistence of DNA lesions, it constitutes an important determinant for tumor formation (48) . Quantitative determination of persistent DNA lesions, therefore, represents a reliable parameter for tumor risk assessment. Through the ICA, persistence of distinct DNA lesions, such as the oxidation product 8-oxoGua, can be determined at the single cell level.
In this study we analyzed the effects of quartz (DQ12) and the nontumorigenic dust corundum on the alveolar cells of the rat lung. We found that exposure to quartz results in significantly increased cellular 8-oxoGua levels at all time points of the investigation (7, 21 , and 90 days after a single intratracheal instillation). This indicates that formation of 8-oxoGua in the DNA of lung cells clearly exceeds the repair activity of these cells. As a consequence, this mutagenic DNA oxidation product persists in the genome of lung cells at least for the time period of investigation (90 days). Analyses at the single cell level showed that 8-oxoGua contents were similarly high in all cell types and areas of the lung. Therefore, it seems that genomic DNA of all alveolar lung cells is oxidatively damaged to an equal extent, at least during the first 3 months.
After exposure of rats to corundum, we found no differences between control animals and exposed animals; i.e., no increase in cellular 8-oxoGua levels or cell proliferation or changes in BAL fluid parameters were observed. On the other hand, exposure to quartz resulted in a 3-to 4-fold enhancement of cell proliferation and significant changes in all BAL fluid parameters so far examined. Thus, the concentrations of protein and surfactant, as well as the activity of TNF-az and the number of neutrophils in BAL fluids, were markedly elevated 7 days after exposure and increased steadily during the first 3 months.
In summary, exposure of rats to quartz produced inflammation, an increase in cell proliferation, and persistence of the mutagenic DNA oxidation product 8-oxoGua in lung cells. Corundum, a noncarcinogenic particle, was not harmful to the rat lung. These observations support the suggestion that inflammation, in conjunction with the persistence of mutagenic DNA oxidation products (e.g., 8 -oxoGua) in target cells and an increased proliferation of target cells, plays an important role in the particle-induced pathogenesis of rat lung tumors. It is not known how long 8-oxoGua levels in target cells must be elevated until the multistep process of carcinogenesis is initiated and completed. In addition, we do not know why the rat but not, for example, the hamster is easily susceptible to tumor formation after exposure to quartz and other distinct particles. Further experiments involving measurements of ROS-induced oxidation products in proliferating cells of rats and other species at early and later stages after particle exposure may answer these questions.
